Antifungal Innate Immunity in C. elegans: PKCδ Links G Protein Signaling and a Conserved p38 MAPK Cascade  by Ziegler, Katja et al.
Cell Host & Microbe
ArticleAntifungal Innate Immunity in C. elegans:
PKCd Links G Protein Signaling
and a Conserved p38 MAPK Cascade
Katja Ziegler,1,2,3,4 C. Le´opold Kurz,1,2,3,4 Sophie Cypowyj,1,2,3 Carole Couillault,1,2,3 Matthieu Pophillat,1,2,3
Nathalie Pujol,1,2,3 and Jonathan J. Ewbank1,2,3,*
1Centre d’Immunologie de Marseille-Luminy, Universite´ de la Me´diterrane´e, Case 906, 13288 Marseille cedex 9, France
2INSERM, U631, 13288 Marseille, France
3CNRS, UMR6102, 13288 Marseille, France
4These authors contributed equally to this work
*Correspondence: ewbank@ciml.univ-mrs.fr
DOI 10.1016/j.chom.2009.03.006SUMMARY
Like other multicellular organisms, the model nema-
tode C. elegans responds to infection by inducing
the expression of defense genes. Among the genes
upregulated in response to a natural fungal pathogen
is nlp-29, encoding an antimicrobial peptide. In
a screen for mutants that fail to express nlp-29
following fungal infection, we isolated alleles of
tpa-1, homologous to the mammalian protein kinase
C (PKC) d. Through epistasis analyses, we demon-
strate that C. elegans PKC acts through the p38
MAPK pathway to regulate nlp-29. This involves
G protein signaling and specific C-type phospholi-
pases acting upstream of PKCd. Unexpectedly and
unlike in mammals, tpa-1 does not act via D-type
protein kinases, but another C. elegans PKC gene,
pkc-3, functions nonredundantly with tpa-1 to
control nlp-29 expression. Finally, the tribbles-like
kinase nipi-3 acts upstream of PKCd in this antifungal
immune signaling cascade. These findings greatly
expand our understanding of the pathways involved
in C. elegans innate immunity.
INTRODUCTION
In common with other multicellular organisms, the model nema-
tode C. elegans responds to infection by switching on the
expression of defense genes. The set of innate immune genes
induced depends on the nature of the invading microbe and
the pathology associated with infection (Shivers et al., 2008).
For example, the Gram-positive bacteriumMicrobacterium nem-
atophilum, which infects via adhesion to the nematode cuticle,
triggers a response that requires an ERK MAP kinase pathway,
while the response to colonization of the intestine by the
Gram-negative bacterium Pseudomonas aeruginosa involves
both insulin-like and p38 MAPK signaling pathways (Kim et al.,
2002; O’Rourke et al., 2006; Troemel et al., 2006). This latter
cascade, involving the p38 MAPK PMK-1, the MAPK kinase
(MAP2K) SEK-1, and the MAP2K kinase (MAP3K) NSY-1, is acti-
vated by the TIR domain adaptor TIR-1, ortholog of the humanCellprotein SARM (Liberati et al., 2004). The same cascade is also
required in the epidermis as part of the mechanism involved in
combating infection by Drechmeria coniospora (Couillault
et al., 2004; Pujol et al., 2008a). This natural fungal pathogen
produces conidia that attach to the nematode cuticle via adhe-
sive knobs and send out processes that pierce the cuticle.
Hyphae then develop and grow inside the host, eventually killing
it (Dijksterhuis et al., 1990).
To understand better the response of the epidermis to fungal
infection, we have been focusing on one group of genes promi-
nent among those upregulated by D. coniospora, namely
a subset of the nlp genes encoding potential antimicrobial
peptides (AMPs). Six of these genes are physically grouped
together in the ‘‘nlp-29 cluster.’’ Among them, the gene nlp-29
has a low level of constitutive expression in adult worms and is
strongly induced upon infection. As well as mounting an innate
immune reaction to infection, C. elegans also responds actively
to physical injury of the epidermis. This involves both a cellular
wound-healing mechanism and the induction of AMP gene
expression. We found that the TIR-1/SARM-PMK-1/p38
cascade controls the upregulation of nlp-29 expression trig-
gered by both fungal infection and sterile wounding. To charac-
terize better the signal transduction cascades that influence
AMP gene induction following infection, we conducted a genetic
screen for mutants that failed to express a reporter transgene,
pnlp-29::GFP, consisting of the GFP gene under the control of
the nlp-29 promoter. One of these nipi (no induction of peptide
after Drechmeria infection) mutants, nipi-3, corresponds to
a kinase related to human tribbles homolog 1 (Pujol et al.,
2008a). It is deficient for its response to infection, but still shows
expression of the pnlp-29::GFP reporter after wounding. Epis-
tasis analyses placed nipi-3 upstream of the MAP2K SEK-1.
This suggests that separate signals generated upon wounding
and infection converge downstream of nipi-3 to activate
a conserved p38 MAPK signaling pathway (Pujol et al., 2008a).
The gene nipi-3 might therefore be involved in relaying a path-
ogen-specific signal involved in antifungal innate immunity. In
this context, it is important to point out that the single nematode
Toll-like receptor gene, tol-1, does not contribute to the regula-
tion of pnlp-29::GFP (Couillault et al., 2004). Indeed, how infec-
tion is recognized in C. elegans remains an open question. It is
also clear that our overall knowledge of the signal transduction
pathways is far from complete. In the present study, weHost & Microbe 5, 341–352, April 23, 2009 ª2009 Elsevier Inc. 341
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and p38 MAPK signaling in the response to infection and injury.
Taking this as a starting point and combining reverse genetics,
epistasis analyses, and proteomics, we have identified a number
of genes required for the expression of nlp-29 and, in doing so,
greatly expanded our understanding of the pathways involved
in C. elegans innate immunity.
RESULTS
The PKCd Gene tpa-1 Is Required for nlp-29
Induction upon Infection and Injury
Chemical mutagenesis and a small-scale screen allowed us to
isolate six C. elegans mutants that failed to express a pnlp-
29::GFP reporter transgene following infection with the fungus
D. coniospora (Pujol et al., 2008a). Among them, we obtained
two recessive alleles, fr1 and fr3, that failed to complement
each other. These defined a gene we originally referred to as
nipi-1. While not affecting spore adherence or the expression
of a second noninducible reporter transgene, both mutants
showed almost complete abrogation of pnlp-29::GFP expres-
sion in all epidermal cells (Figures 1A, 1B, 1G, and 1H), including
the main syncytial epidermal cell, called hyp7, as well as the
vulval cells that are a major site of spore attachment and of
intense reporter gene induction (Figures 1C–1F). These mutants
were also deficient in their response to injury (Figure 1I). The
phenotypes observed were similar to those seen in mutants of
the nsy-1/sek-1/pmk-1 p38 MAPK pathway (Pujol et al., 2008a).
Standard genetic and SNP mapping placed the fr1 and fr3 alleles
on the very far left-hand arm of chromosome IV, in a region of
150 kb containing fewer than 20 genes. Through transformation
rescue and sequencing (Figure 2A), we identified fr1 and fr3 as
new alleles of tpa-1, one of the four C. elegans PKC genes
(Tabuse, 2002). There are two isoforms of TPA-1 (Sano et al.,
1995), the 704-amino acid TPA-1A and a shorter form, TPA-1B,
which lacks the 137 N-terminal residues of TPA-1A (Figure 2B).
They are highly conserved proteins; TPA-1A shows 60% identity
over 671 amino acids with human PKCd (PRKCD; Unigene
Hs.155342). The tpa-1(fr1) and tpa-1(fr3) alleles correspond to
nonsense mutations affecting the phorbol ester/diacylglycerol
(DAG) binding (C1) and kinase domains, respectively. They alter
both TPA-1 isoforms and are predicted to be null alleles
(Figure 2B).
When we tested the characterized null allele tpa-1(k530)
(Tabuse et al., 1989), we found that it also blocked infection-
and injury-induced pnlp-29::GFP reporter gene expression
(Figure 3A). Unexpectedly, another characterized mutant allele,
tpa-1(k501), showed an increase in pnlp-29::GFP expression
after infection and wounding (Figure 3A) and complemented
the fr1 allele (Table S1). The molecular lesion in tpa-1(k501)
had not previously been described. We found it to be a missense
mutation of a conserved residue (P544S/P407S) in the kinase
domain (Figures 2A and 2B). We discuss the significance of
this below.
The PKC Gene tpa-1 Is Not Required for
Salt-Induced Upregulation of nlp-29
In addition to fungal infection or injury, exposure to a hypertonic
environment is a potent inducer of pnlp-29::GFP expression.342 Cell Host & Microbe 5, 341–352, April 23, 2009 ª2009 Elsevier IThis response is unchanged in mutants of the nsy-1/sek-1/
pmk-1 p38 MAPK pathway (Pujol et al., 2008b). Upon exposure
to high salt, the response in all the tpa-1 mutants tested was
close to that seen in wild-type worms (Figure 3B). This demon-
strates that the mutants are not generally deficient in their
capacity to upregulate the expression of pnlp-29::GFP. These
results also reinforce the notion that the response to osmotic
stress and infection are controlled by genetically distinct
signaling pathways (Pujol et al., 2008b).
The AMP Gene nlp-29 Can Be Induced by PMA,
and This Requires tpa-1
The tpa-1 gene was first identified in screens for mutations
conferring resistance to the phorbol ester PMA (Tabuse and
Miwa, 1983). PMA acts as a DAG mimetic and activates
proteins like TPA-1 that possess a DAG-binding domain. In
wild-type C. elegans, the activation of TPA-1 by PMA leads
to a pumping defect. This results in decreased ingestion of
bacteria and thus developmental arrest (van der Linden et al.,
2003). The known tpa-1 mutant alleles, however, can develop
to adulthood on PMA-containing plates. In common with
homozygous mutants for the canonical tpa-1(k530) allele (Tab-
use and Miwa, 1983), tpa-1(fr1) and tpa-1(fr3) were both resis-
tant to the growth-inhibitory effects of 1 mg/ml PMA. A number
of other mutants that block pnlp-29::GFP reporter expression
following infection, including pmk-1, tir-1, and nipi-3, were not
resistant to PMA (Figures 3C and S1). This is consistent with
the fact that alleles for these genes have never been recovered
in the extensive screens for PMA resistance (Tabuse et al.,
1989; van der Linden et al., 2003) and shows that the regula-
tion of nlp-29 expression and of pumping are functionally
dissociable.
Given the role of tpa-1 in controlling nlp-29 expression, we
next tested whether PMA could also trigger upregulation of
pnlp-29::GFP. Exposure of worms to 1 mg/ml PMA resulted in
a very pronounced and robust increase in reporter gene expres-
sion detectable after 6 hr (Figure 3B). The expression of pnlp-
29::GFP was restricted to the epidermis, as observed upon
fungal infection. Since starvation does not induce pnlp-
29::GFP expression (Pujol et al., 2008b), the observed expres-
sion was not due to the arrest in pharyngeal pumping caused
by PMA. This PMA-induced reporter gene expression was,
however, abrogated in all the tpa-1 mutants tested (Figure 3B),
and both tpa-1(k501) and tpa-1(k530) failed to complement
tpa-1(fr1) in these tests (Table S1). Thus, PMA can act as
a potent inducer of AMP gene expression, presumably through
the direct activation of the DAG-dependent PKC TPA-1. The
k501 allele, which alters a residue in the kinase domain, does
not affect the induction of pnlp-29::GFP after infection but is
required for its induction after PMA treatment. We hypothesized
that this could be due to an allosteric mechanism compromising
the binding of PMA to TPA-1, while not affecting the binding of
the endogenous ligand DAG. To test this hypothesis, we took
advantage of the goa-1 mutant that has an elevated level of
DAG (Mendel et al., 1995). When we transferred the pnlp-
29::GFP transgene into a goa-1 mutant background, we
observed a high constitutive level of reporter gene expression.
Importantly, while this increased expression was abolished in
a goa-1(sa734); tpa-1(fr1) double mutant, reporter genenc.
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A PKCd-p38 MAPK Cascade in C. elegans ImmunityFigure 1. fr1 Blocks nlp-29 Induction upon Fungal Infection and Injury
(A–F) Images of young adult worms 24 hr postinfection carrying the frIs7 integrated array. This array contains two reporter transgenes, pnlp-29::GFP and pcol-
12::dsRed. The latter is constitutively expressed in the epidermis. Wild-type worms (A, C, E) and worms homozygous for the fr1 mutation (B, D, F) were visualized
with a filter allowing red and green fluorescence to be seen simultaneously (A–D) or with differential interference contrast (E and F). Arrowheads indicate the vulva
cells that show an induction of pnlp-29::GFP but do not express pcol-12::dsRed, stars indicate the hyp7 epidermal syncytium, and arrows point to Drechmeria
spores attached to the vulva. The mutant worm shown is more heavily infected than the wild-type, but this is not a general observation when comparing pop-
ulations of the two genotypes. Scale bar is 100 mm and 10 mm for (A) and (B) and (C)–(F), respectively.
(G–I) Quantification of green and red fluorescence in young adults with the Biosort; WT;frIs7 (black) and fr1;frIs7 (blue) worms under standard culture conditions
(G), 24 hr postinfection (H), and 6 hr after wounding (I). While the expression of pnlp-29::GFP changes, the expression of the unrelated pcol-12::dsRed reporter is
unaltered under the three conditions. Each dot represents one animal (n > 70 in all cases); fluorescence is in arbitrary but identical units.expression in the goa-1(sa734); tpa-1(k501) double mutant was
comparable to that seen in the goa-1 single mutant (Figure S2).
This supports the idea that the mutation in the k501 allele blocks
activation of tpa-1 by PMA but does not interfere with its activa-
tion by DAG.CellThe PKC Gene tpa-1 Acts Upstream of a p38 MAPK
Pathway
We have previously shown that a conserved p38 MAPK
pathway, downstream of the TIR domain adaptor protein TIR-1,
is required in the epidermis for the regulation of pnlp-29::GFPHost & Microbe 5, 341–352, April 23, 2009 ª2009 Elsevier Inc. 343
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(A) Identification of the fr1 and fr3 mutant alleles. The upper line shows the
location on chromosome IV of tpa-1 and of the RFLPs (Restriction Fragment
Length Polymorphisms) used during the cloning process. The numbers in
parentheses indicate the number of recombinants obtained for the specified
polymorphism. The line below represents the extent of the fosmid clone
WRM0615aH05 that rescues the fr1 mutant phenotype. The bottom two lines
represent the tpa-1 locus with the two different isoforms (tpa-1a and tpa-1b);
gray boxes represent exons. The positions of the fr1, fr3, and k501 single-
nucleotide mutations and the k530 Tc1 insertion are shown. snp1 and snp2,
shown in Figure 2, correspond to Y38C1A[2] and Y55F3BR[6], respectively.
(B) Schematic domain structure of the TPA-1A and TPA-1B proteins with the
predicted changes for the mutant alleles. The first and second numbers are
the amino acid positions in the TPA-1A and TPA-1B proteins, respectively.expression upon infection or injury (Pujol et al., 2008a). While the
tir-1(tm3036) allele affects all tir-1 isoforms and abrogates the
infection-associated activation of nlp-29, the tir-1(ok1052) allele
only affects a, c, and e isoforms (Chuang and Bargmann, 2005)
and exhibits normal upregulation of nlp-29 (Pujol et al., 2008a).
The PMA-induced upregulation of pnlp-29::GFP expression
was normal in tir-1(ok1052) worms, but was blocked in
tir-1(tm3036) mutant (Figure 4A). This indicates that the same
specific TIR-1 isoform(s) function in the regulation of nlp-29
expression upon PMA exposure as for nlp-29 induction after
infection. As PMA directly activates TPA-1, it also shows that
tir-1 lies downstream, genetically, of tpa-1. The PMA-induced
upregulation of pnlp-29::GFP expression was also blocked in
a pmk-1(km25) mutant (Figure 4A). These results indicate that
the PKCd tpa-1 and tir-1 and the p38 MAPK gene pmk-1 act in
the same pathway.
Overexpressing the MAP2K gene sek-1 in the epidermis
results in increased constitutive nlp-29 expression that is abro-344 Cell Host & Microbe 5, 341–352, April 23, 2009 ª2009 Elsevier Ingated in a pmk-1(km25)mutant (Pujol et al., 2008a). This elevated
pnlp-29::GFP expression, associated with sek-1 overexpres-
sion, was not abrogated in tpa-1(fr1) mutants (Figure 4B). Alto-
gether, this suggests that tpa-1 acts upstream of sek-1 and leads
to a model with tpa-1 acting upstream of tir-1 and the p38 MAPK
pathway to control part of the innate immune response to fungal
infection in C. elegans.
The Induction of the AMP Genes of the nlp-29 Cluster
Provoked by Infection Is TPA-1-Dependent
The nlp-29 AMP gene is part of a cluster of six nlp genes that are
induced upon infection by D. coniospora in a pmk-1-dependent
manner (Pujol et al., 2008b). Using quantitative real-time PCR,
we assayed the expression of the six nlp genes in wild-type
worms and in tpa-1(fr1) mutants after fungal infection. We found
that the induction was dependent upon tpa-1 for all of the infec-
tion-inducible genes (Figure S3). This suggests that tpa-1,
together with pmk-1, is a major regulator of the entire nlp-29
locus upon fungal infection.
A Second PKC Gene, pkc-3, Regulates nlp-29
Expression
In addition to tpa-1, there are three other PKC genes in the
C. elegans genome: pkc-1, -2, and -3. Among them, pkc-3
encodes an atypical PKC that lacks a DAG-binding domain
(Tabuse, 2002). To address the question of whether any of them
play a role in regulating pnlp-29::GFP, we assayed the effect of
their inactivation using pkc-1(ok563) and pkc-2(ok328) mutants
or RNAi directed against pkc-3. Unsurprisingly, we found that
pkc-3 was not involved in the response to PMA (Figure 4D).
pkc-1 and pkc-2, which both encode DAG-dependent kinases,
were, however, not required either (data not shown). On the other
hand, of the three genes, pkc-3 was the only one that showed
a clear involvement in the induction of pnlp-29::GFP following
both infection and wounding (Figures 4C and S4A, data not
shown). Thus, two PKC genes, tpa-1 and pkc-3, function non-
redundantly in the control of nlp-29 expression.
The PMA Target PKDs Are Not Necessary
for nlp-29 Regulation
PKCs with DAG-binding domains are not the only proteins that
can be activated by PMA. The D-type protein kinases (PKDs)
possess C1 domains necessary for interaction with and activa-
tion by DAG or its analog, PMA. Further, in mammals, PKDs
are known to be downstream effectors of PKC activity (Matthews
et al., 2000). In C. elegans, there are two PKD homologs,
D Kinase Family-1 and -2 (DKF-1 and DKF-2). Biochemical
studies have demonstrated an unexpected PMA-dependent
but PKC-independent activity for DKF-1 (Feng et al., 2006). On
the other hand, DKF-2 was shown to have a PMA-dependent
activity and to be a target of PKC-1 phosphorylation in vitro
(Feng et al., 2007). We found that neither dkf-1 nor dkf-2 were
required for the induction of pnlp-29::GFP expression following
D. coniospora infection or PMA treatment (Figures S5A and
S5B). This further demonstrates that PMA activates several
distinct signaling cascades in C. elegans. As discussed below,
this may be a consequence of the restricted tissue expression
of the different genes involved.c.
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Induction
Many lines of evidence suggest that the interaction between
C. elegans and pathogens is influenced by the nervous system
(Millet and Ewbank, 2004; Pradel et al., 2007; Zhang, 2008; Zu-
gasti and Ewbank, 2009). Recently it has been shown that neuro-
secretion of the insulin-like peptide INS-7 affects the expression
of innate immune effectors in the intestine of C. elegans (Kawli
and Tan, 2008). DAG and PMA are potent regulators of neurose-
cretion. They specifically promote secretion of neurotransmitters
Figure 3. The Product of the PKC-d Gene
tpa-1 Is Necessary for nlp-29 Regulation
upon Infection and Injury but Not Osmotic
Stress
(A and B) Normalized fluorescence ratio of frIs7
worms. As the expression of the pcol-12::dsRed
reporter does not change, the fluorescence ratio
green/red represents the variation in the expres-
sion of pnlp-29::GFP. The mean values for the
different samples within a single experiment
were normalized so that the control (WT;frIs7)
worms had a fluorescence ratio of 1 (Pujol et al.,
2008a). Different tpa-1 alleles were analyzed
following infection or wounding (A) and osmotic
stress or PMA exposure (B). Worms carrying the
rescuing transgene (rescue +) in the fr1 mutant
background were compared to wild-type animals
and other mutant strains.
(C) Images of wild-type (WT), tpa-1(fr1), tpa-
1(k530), pmk-1(km25), and tir-1(tm3036) animals
on control plates or exposed to PMA from the L1
stage on. Pictures were taken after 3 days at
20C. In these and subsequent figures, for reasons
given elsewhere (Pujol et al., 2008a), error bars are
not shown, but in all cases, the results are repre-
sentative of at least three independent experi-
ments. For this and subsequent quantifications,
the number of worms used in each sample are
given in the Supplemental Experimental Proce-
dures.
by favoring exocytosis of synaptic vesi-
cles (SVs) and the release of their content
in the postsynaptic space.
The key integrator of DAG signaling in
neurons prior to SV exocytosis is the
protein UNC-13 (Richmond et al., 1999).
On the other hand, exocytosis of the
second class of neuronal vesicles, dense
core vesicles (DCVs), is UNC-13-inde-
pendent and dependent on the single
CAPS (calcium-dependant activator
protein for secretion) ortholog in C. ele-
gans, UNC-31 (Speese et al., 2007). We
therefore assayed pnlp-29::GFP expres-
sion in the well-characterized unc-13
(e1091) and unc-31(e928) mutants. Both
of these paralyzed strains showed
a robust nlp-29 induction comparable to
wild-type upon fungal infection and after
wounding (Figures S5C and S5E). We
also found that PMA induced pnlp-29::GFP reporter expression
as strongly in the unc-13(e1091) and unc-31(e928) mutants as in
wild-type animals (Figures S5D and S5F). Consequently, since
the mutants used are strong loss-of-function or null alleles, we
conclude that UNC-13 and UNC-31 are not required under our
test conditions for signal transduction upstream of nlp-29 upon
fungal infection or injury. By extension, neurotransmitter release
by SV and DCV exocytosis is not necessary for signaling leading
to reporter induction. A further confirmation came from the
results we obtained using the goa-1 mutants. As mentionedCell Host & Microbe 5, 341–352, April 23, 2009 ª2009 Elsevier Inc. 345
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TPA-1 Acting Upstream of the TIR-1-p38 MAPK Pathway
(A) Normalized fluorescence ratio of wild-type (WT) and mutant worms carrying
the frIs7 transgene after 6 hr exposure to PMA.
(B) Young adult frIs7 worms with or without sek-1 overexpressed in the
epidermis in a wild-type, tpa-1(fr1), and pmk-1(km25) background. Red and
green fluorescence are visualized simultaneously. The punctuate green fluo-
rescence clearly visible in the bottom right panel comes from the transgene
used as a coinjection marker. Scale bar is 100 mm.
(C and D) Normalized fluorescence ratios of WT;frIs7 worms after pkc-3 RNAi
treatment following infection or injury (C) and PMA exposure or osmotic stress
(D), compared to empty vector control.346 Cell Host & Microbe 5, 341–352, April 23, 2009 ª2009 Elsevier Iabove, these mutants have an unusually high level of DAG. This
leads to excessive neurotransmitter secretion and thus a loco-
motion defect (Mendel et al., 1995). Although tpa-1(fr1) blocked
the increased expression of pnlp-29::GFP seen in a goa-1
mutant, the locomotion defect of the goa-1 mutant was not sup-
pressed by tpa-1(fr1) nor by tpa-1(k501). This illustrates that the
effect of DAG on pnlp-29::GFP expression can be uncoupled
from its effect on neurotransmission and emphasizes the fact
that pnlp-29::GFP expression in the epidermis is not influenced
by the nervous system.
Two PLC Genes, plc-3 and egl-8, Act Upstream
of tpa-1 to Regulate nlp-29
DAG is a second messenger produced from phosphatidylinositol
biphosphate (PIP2) by the catalytic action of phospholipase C.
Of the six described PLC families (PLC-b to -h), four are repre-
sented by the six PLCs in C. elegans (Gower et al., 2005):
PLC-b (plc-2 and egl-8), PLC-g (plc-3), PLC-d (plc-4), PLC-3
(plc-1), and PLC-like (pll-1). We tested the consequences of
knocking down the function of each of these genes using
RNAi. While none of the genes was required for transgene
expression upon osmotic stress (Figure S4B and data not
shown), plc-1, plc-2, plc-4, and pll-1 were additionally not
required for infection-induced nlp-29 expression (Figures 5A
and S4B). Loss of plc-3 or egl-8 function, however, essentially
abolished the induction of pnlp-29::GFP expression upon fungal
infection (Figure 5A). The role of egl-8 was then confirmed using
an egl-8(n488) mutant strain (Figure 5A). Although the response
to injury was largely independent of egl-8, a marked decrease
in the wound-induced upregulation of pnlp-29::GFP expression
was observed upon RNAi of plc-3 compared to control worms
(Figure 5A). These results demonstrate that the PLC gene egl-8
is specifically required to regulate nlp-29 expression upon fungal
infection. It acts nonredundantly with a second PLC gene, plc-3,
which is also required for the response to wounding. Finally, loss
of plc-3 or egl-8 function did not affect PMA-induced expression
of pnlp-29::GFP (Figure S4C). These results are consistent with
plc-3 and egl-8 acting upstream of tpa-1 to control nlp-29
expression.
The Ga Heterotrimeric Subunit Gene gpa-12
Is Required for nlp-29 Induction upon Infection
and Injury Upstream of tpa-1
One of the canonical pathways leading to the activation of DAG-
dependent PKCs by PLCs involves heterotrimeric G proteins
composed of a, b, and g subunits. In C. elegans, the Ga protein
GPA-12, orthologous to the mammalian Ga G12, has been
shown to act genetically upstream of tpa-1 (van der Linden
et al., 2003). We therefore tested the gpa-12(pk322) mutant,
which showed no obvious phenotype under standard condi-
tions, consistent with previous reports (van der Linden et al.,
2003). These animals showed a normal response to PMA (Figure
S4D). They did, however, show a very clear impairment in the
infection- and injury-specific expression of the pnlp-29::GFP
reporter (Figures 5B and S6). In all gpa-12(pk322) worms, pnlp-
29::GFP expression was fully abrogated in hyp7, the main syncy-
tial epidermal cell. Unlike in tpa-1(fr1) mutants, however, the
expression of pnlp-29::GFP was maintained in other epidermal
cells, including the vulval epidermal cells in a minority ofnc.
Cell Host & Microbe
A PKCd-p38 MAPK Cascade in C. elegans ImmunityFigure 5. PLCs and G Proteins Are Required Upstream of TPA-1 for nlp-29 Regulation
(A and B) Normalized fluorescence ratios of worms carrying the frIs7 transgene in different mutant backgrounds or after RNAi treatment following infection or
injury, compared to wild-type (WT) or RNAi empty vector control, respectively.
(C) Normalized fluorescence ratios of frIs7 worms carrying an additional transgene expressing a constitutively active form of GPA-12 under the control of a heat
shock promoter (phsp::gpa-12*), compared to frIs7 worms without the transgene (Tg) before and after heat shock.
(D–F) Three-dimensional representation, using the DeCyder software (Amersham Biosciences), of the relative protein abundance of an isoform of RACK-1 after
a two-dimensional gel electrophoresis: standardized (D), in noninfected nematodes (E), and in infected animals (F).
(G) Images of frIs7 worms after RNAi treatment with an empty vector control or rack-1 following infection or injury. Red and green fluorescence is visualized simul-
taneously. Scale bar is 100 mm.Cell Host & Microbe 5, 341–352, April 23, 2009 ª2009 Elsevier Inc. 347
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cally Upstream of tpa-1 for nlp-29 Regulation
(A) Normalized fluorescence ratio of frIs7 worms. pnlp-29::GFP reporter
expression was quantified in WT, tpa-1(fr1), and nipi-3(fr4) mutant nematodes
after a 6 hr exposure to PMA.
(B) nlp-29 expression was quantified in WT, tpa-1(fr1), pmk-1(km25), and gpa-
12(pk322)mutants with (black bars) or without (blue bars) copies of a transgene
containing nipi-3 under the control of its own promoter. The pnipi-3::nipi-3
transgene provokes a robust nlp-29 upregulation in the absence of infection.
(C) pnlp-29::GFP reporter expression was quantified in WT, tpa-1(fr1), and
nipi-3(fr4) mutant backgrounds. Worms carrying an additional transgene
expressing a constitutively active form of GPA-12 under the control of a heat
shock promoter (phsp::gpa-12*) were compared to worms without the trans-
gene () before and after heat shock.
(D) See legend for Figure 6B.individuals (Figures S6E and S6F). Thus, upon quantification, the
effect of loss of gpa-12 function was less marked than that of
tpa-1 (Figure 5B).
We then took advantage of a transgene encoding a dominant
active form of GPA-12 under the control of a heat shock
promoter. Upon heat shock, wild-type worms carrying this trans-
gene express activated GPA-12 and arrest their development
due to decreased pharyngeal pumping, phenocopying exposure
to PMA. This phenotype is suppressed in tpa-1 loss-of-function
mutants (van der Linden et al., 2003). When we made a strain348 Cell Host & Microbe 5, 341–352, April 23, 2009 ª2009 Elsevier Icarrying both the gene encoding the activated GPA-12 and the
pnlp-29::GFP transgene, we found that these worms had an
elevated level of reporter gene expression even under standard
conditions. Upon heat shock, the level of pnlp-29::GFP expres-
sion increased dramatically (Figures 5C and 6C). As expected,
the high level of expression seen in this strain was abrogated
in the tpa-1(fr1) mutant background (Figure 6C).
Moreover, the increasednlp-29expression associated with the
activated GPA-12 was blocked when expression of the PLCs
plc-3 and egl-8 was abrogated using RNAi (Figure S7). On the
other hand, while tpa-1 RNAi fully blocked pnlp-29::GFP expres-
sion upon GPA-12 activation (Figures S7 and S8), pkc-3RNAi did
not (Figure S8). These results demonstrate that the Ga protein
GPA-12 is required for AMP gene induction upon infection and
injury. In addition, our epistatic analysis shows that gpa-12 acts
genetically upstream of the PLCs plc-3 and egl-8 and the PKC
tpa-1 in the regulation of nlp-29. As described above, a second
Ga protein gene, goa-1, influences pnlp-29::GFP expression.
We cannot exclude the possibility that 1 or more of the 20 other
Ga proteins in C. elegans are also involved directly or indirectly
in the modulation of nlp-29 expression.
The Gb Heterotrimeric Subunit Gene rack-1 Is Required
for nlp-29 Induction upon Infection and Injury
In parallel to our genetic studies, we have recently initiated
a comprehensive comparative proteomic analysis of the
response to fungal infection (see Supplemental Experimental
Procedures). In this technique, changes in the pattern or intensity
of spots do not necessarily reflect an alteration in the level of
expression of a protein, but can reflect a posttranslational modi-
fication (e.g., phosphorylation) or an alteration of subcellular
localization (e.g., from plasma membrane to cytoplasm). Among
the multiple changes observed (which will be detailed in a future
publication), our attention was drawn to one prominent differ-
ence between infected and noninfected worms (Figures 5D–5F
and S9). It was ascribed to the protein RACK-1, which is related
to Gb proteins. This protein is most similar to human Gb-2-like 1
(GNB2L1, Unigene Hs.5662; also known as H12.3, HLC-7,
PIG21, RACK-1, or Gnb2-rs1) and, by homology with GNB2L1,
may also interact with PKCs. When we abrogated rack-1 func-
tion by RNAi, we observed a full block of pnlp-29::GFP expres-
sion after infection and a partial reduction upon wounding
(Figures 5G and S10). On the other hand, neither of the two Gb
genes, gbp-1 and gbp-2, in C. elegans nor the two other Gb-like
genes, tag-125 and K04G11.4, appeared to be involved in the
regulation of pnlp-29::GFP (Figure S11). These results validate
the proteomics data and demonstrate that the Gb protein
RACK-1 is specifically involved in the regulation of pnlp-
29::GFP upon fungal infection and injury in C. elegans.
The Tribbles-like Kinase Gene nipi-3 Acts Upstream
of tpa-1 and in Parallel to gpa-12
The kinase-encoding gene nipi-3(fr4) is required for the response
of C. elegans to infection but not wounding. Based on its struc-
tural similarity to the TIR-1 interacting kinase UNC-43, we previ-
ously suggested that NIPI-3 might function analogously to
UNC-43 as a direct activator of TIR-1 (Pujol et al., 2008a). In
such a model, nipi-3 might be expected to act genetically down-
stream of tpa-1. Upon treatment with PMA, however, a robustnc.
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(Figure 6A) that contrasted with the lack of induction seen in tpa-1
(fr1) or pmk-1(km25) animals (Figure 4A), suggesting that nipi-3
does not act downstream of tpa-1. Just as overexpression of
sek-1 leads to constitutively high pnlp-29::GFP expression, so
does overexpression of nipi-3 (Figure 6B). Experiments targeting
plc-3 and pkc-3 by RNAi in the nipi-3 overexpression strain were
not conclusive. As there are no viable mutants available for these
genes, we were thus unable to determine their relative genetic
positions. On the other hand, this strong pnlp-29::GFP expres-
sion was blocked in tpa-1(fr1) mutants, as it was in pmk-1
(km25), tir-1(tm3036), or sek-1(km4) mutants (Figures 6B and
S12). Taken together, our data demonstrate that tpa-1 is genet-
ically downstream of nipi-3, but upstream of tir-1 and the pmk-1/
p38 pathway for the control of nlp-29.
We then placed the activated gpa-12 construct described
above in a nipi-3 background. Upon heat shock, there was an
increase in pnlp-29::GFP expression comparable to that seen
in the wild-type (Figure 6C). Loss of gpa-12 function, on the other
hand, did not block the constitutively high pnlp-29::GFP expres-
sion associated with nipi-3 overexpression (Figure 6D). To-
gether, these results indicate that nipi-3 acts upstream of tpa-1
and in a pathway parallel to gpa-12. Thus, our results suggest
that there are two signals associated with infection, converging
on a common PKC-p38 MAPK signaling cascade required for
antifungal innate immunity.
DISCUSSION
Following the demonstration of a role for the MAP3K NSY-1 in
C. elegans immunity, the homologous gene Map3k5 was shown
to be important, upstream of p38, for a TLR4-mediated immune
response in mammals. This conserved MAPK cassette was
proposed to represent one of the most ancestral defense
pathways (Matsuzawa et al., 2005). Here, we have shown that
C. elegans PKCd acts independently of PKD upstream of the
p38 MAPK cascade in the C. elegans epidermis to regulate
AMP expression. Interestingly, the so-called ‘‘novel’’ PKC iso-
forms PKCd and the closely-related PKC3 are involved in TLR4-
mediated signaling in macrophages and dendritic cells (Kubo-
Murai et al., 2007; McGettrick et al., 2006). In some contexts,
PKC can act via PKD, but this is not the case following LPS stim-
ulation when PKCd and PKC3 act downstream of TLR4 and target
TIR domain containing adaptor proteins: PKCdparticipates in the
activation of NFkB and MAPK cascades by binding to the TLR2/4
adaptor protein TIRAP (Kubo-Murai et al., 2007), while PKC3
phosphorylates the TLR4 adaptor protein TRAM (McGettrick
et al., 2006), both acting upstream of p38. While the single
C. elegans TLR, TOL-1, is not required for resistance to D. conio-
spora infection (Pujol et al., 2001) and does not influence nlp-29
expression (Couillault et al., 2004), the TIR domain containing
adaptor TIR-1, ortholog of SARM and related to TIRAP, plays
an important role in antifungal innate immunity, upstream of the
p38 MAPK pathway (Pujol et al., 2008a, 2008b). Thus, our current
results show that TIR-1 is potentially a direct target of PKCd
signaling, extending the functional analogy between nematode
and vertebrate innate immune pathways (Figure 7).
Tissue-specific gene expression is likely to add an additional
level of complexity to the signaling cascades involved in regu-CelFigure 7. A Conserved PLC-PKC Axis Is Involved in an Ancient
Innate Immune Signaling Pathway
On the left is the current model for the genetic interactions between genes
whose products are required for nlp-29 induction upon infection, injury, and
PMA in C. elegans. Boxes shaded in yellow represent proteins required for
the regulation of nlp-29 only after infection; those in green and yellow are
required after injury and infection; and those in green, yellow, and orange
are required after injury, infection, and PMA treatment. Boxes are placed
based on their relative position in the genetically defined pathway. nipi-3 is
genetically upstream of tpa-1, but neither downstream nor upstream of
gpa-12. None of these mutants is involved in nlp-29 expression upon osmotic
stress. On the right is a representation of a putative conserved pathway in mice
in addition to the pathway that leads to the TIRAP activation from TLR4
(dashed line). The pathway found in C. elegans is analogous to the pathway
regulating p38 activity in vertebrates. The doted oval highlights the currently
missing link between GPCR signaling and p38. Our results show that the
PLC-PKC axis could provide such a connection in the context of an ancient
innate immune signaling pathway. The lack of arrows connecting components
reflects the incomplete nature of our understanding.llating innate immunity, even in C. elegans. We saw hints of this
through the analysis of worms deficient forgpa-12, some of which
maintain an expression of pnlp-29::GFP in certain epidermal
cells. Our data show that neither of the nematode PKDs (DKF-1
and DKF-2) is involved in regulating nlp-29 gene expression,
but then they appear not to be expressed in the epidermis
(Feng et al., 2006, 2007). They could have a role in other tissues.
We previously suggested that NIPI-3, a kinase related to
human tribbles homolog 1 (Kiss-Toth et al., 2004), specifically
required for the expression of AMPs following infection but not
injury, might directly interact with TIR-1 (Pujol et al., 2008a).
We have been unable, however, to detect an interaction betweenHost & Microbe 5, 341–352, April 23, 2009 ª2009 Elsevier Inc. 349
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unpublished data). Here, we show that NIPI-3 acts upstream of
the PKCd TPA-1. While we cannot exclude the possibility that
NIPI-3 is part of a multiprotein signaling complex that includes
TPA-1 and TIR-1, our results suggest that NIPI-3 functions to
relay an infection-specific signal that converges with an injury-
related signal upstream of the PKC-TIR-1-p38 MAPK pathway.
In this study, we have shown that G protein signaling (involving
GPA-12 and RACK-1) is required for AMP expression in the
C. elegans epidermis. GPA-12 acts, together with C-type phos-
pholipases EGL-8 (homologous to PLC-b) and PLC-3 (homolo-
gous to PLC-g), upstream of PKCd and the TIR domain adaptor
protein TIR-1 and parallel to NIPI-3. GPA-12 is presumably acti-
vated by a G protein-coupled receptor (GPCR), but the identifi-
cation of this putative GPCR, among the >1300 present in the
C. elegans genome, remains a challenge for the future.
As mentioned above, full signaling through TLR4 requires
interaction between adaptor proteins and activated PKC. The
activation of PKC appears to require an undefined but TLR-inde-
pendent pathway, which has been suggested to involve PLC and
DAG (McGettrick et al., 2006). As GPCRs do function as coregu-
lators in mammalian adaptive and innate immunity, PKC might
provide a missing link between G protein signaling and TLRs.
We thus hypothesize that a GPCR-G protein-PLC cascade regu-
lates PKCd activity in vertebrates during the innate immune
response (Figure 7). It is interesting to speculate on how and
when pathogen-specific innate immune mechanisms arose.
Our results are consistent with the idea that GPCRs represent
an evolutionary ancient mechanism of sensing cellular stress
and damage, honed to contribute to host defense against infec-
tion (Chamy et al., 2008).
EXPERIMENTAL PROCEDURES
Nematode Strains
All strains were maintained on nematode growth media (NGM) and fed with
E. coli strain OP50, as described (Stiernagle, 2006). The strains, tir-1(ok1052),
pmk-1(km25), tpa-1(k501), tpa-1(k530), gpa-12(pk322), egl-8(n488), unc-13
(e1091), unc-31(e928), pkc-1(ok563), pkc-2(ok328), gbp-2(ad541), goa-1
(sa734), and CB4856 were obtained from the Caenorhabditis Genetics Center
(CGC). tir-1(tm3036) was kindly provided by S. Mitani and the Japanese KO
consortium. dkf-1(pr2) and dkf-2(pr3) mutants were kindly provided by
C.S. Rubin. The nonoutcrossed strains were outcrossed three times with the
N2 strain used in the laboratory.
Reporter Gene Constructs and Generation of Transgenic Lines
Details about the IG274 strain containing the frIs7 transgene and the IG611
strain containing pcol-12::sek-1 transgene are given elsewhere (Pujol et al.,
2008a). The nipi-3 gain of function was obtained by crossing the previously
described IG581 strain (Pujol et al., 2008a) carrying the pnipi-3::nipi-3 trans-
gene in the nipi-3 mutant background into the wild-type background.
The pRP2205 construction expressing a constitutively active form of
GPA-12 (gpa-12[Q205L] gene) under the control of a heat shock promoter is
described in van der Linden et al., 2003 and was injected directly in IG274
animals with the coinjection marker pBunc-53::GFP (Stringham et al., 2002)
to obtain the strain IG739.
Infection, Epidermal Wounding, Osmotic Stress,
and PMA Treatment
Infections and epidermal wounding were performed on NGM plates, whereas
osmotic stress and PMA assays were performed in liquid in 96-well plates with
animals in 50 mM NaCl as control. Animals were infected at the L4 stage and
kept, together with noninfected animals, at 25C. After 18 hr, the noninfected350 Cell Host & Microbe 5, 341–352, April 23, 2009 ª2009 Elsevier Iworms were used for the epidermal wounding, osmotic stress, and PMA
experiments. All animals were analyzed using the COPAS Biosort at the
same time, i.e., 24 hr postinfection and 6 hr postwounding, osmotic stress,
and PMA exposure. Infections with a freshly harvested solution of D. conio-
spora spores and wounding assays using standard microinjection needles
were done as described (Pujol et al., 2008a). Animals were soaked in
200 mM or 300 mM NaCl to induce osmotic stress and exposed to 1 mg/ml
PMA in 50 mM NaCl for the PMA experiments.
Heat Shocks
Animals with or without the pRP2205 transgene were heat-shocked for 2 hr at
33C, then transferred to 25C and analyzed 24 hr later. Due to the thermosen-
sitivity of nipi-3(fr4), all experiments with this mutant were done at 20C, and
the heat shock was reduced to 1 hr at 33C.
Microscopy
A Leica MZFLIII epifluorescence dissecting microscope and a Leica DMRBE
microscope were used for population observations and closer views, respec-
tively. When required, a long-pass GFP filter was used to visualize simulta-
neously the GFP and DsRed fluorescence.
Analyses with the Biosort Worm Sorter
Upregulation of the pnlp-29::GFP reporter was quantified with the COPAS
Biosort (Union Biometrica; Holliston, MA). Generally, 100–2000 worms were
analyzed for time of flight (size), extension (optical density), green fluorescence
(GFP), and red fluorescence (dsRed). The number of animals used in each
experiment is given in Supplemental Experimental Procedures. The details
of the analysis procedure are described in Pujol et al., 2008a.
RNAi
RNAi bacterial strains targeting pll-1, plc-1, plc-2, plc-3, plc-4, pkc-3, and
rack-1 were obtained from the Ahringer RNAi library (Kamath and Ahringer,
2003) and were used after insert verification. The tpa-1RNAi clone is described
in Supplemental Data. RNAi feeding experiments were performed on synchro-
nized worms at the L1 stage at 25C; animals were infected 36 hr later with
D. coniospora (i.e., at the L4 stage) or 54 hr later wounded, exposed to
PMA, or to hypertonic environment (i.e., as young adults).
Mutant Isolation, Cloning, and Rescue
As described in Pujol et al., 2008a, WT;frIs7 worms were mutagenized with
EMS using standard procedures (Wood, 1988). Both fr1 and fr3 alleles belong
to the same complementation group. fr1 was mapped through standard
genetic crosses to chromosome IV. Then, SNP mapping was used, and 825
recombinants with the strain CB4856 were analyzed. This localized tpa-1 to
the leftmost 120 kb on the left arm of LGIV. The region contains the tpa-1
gene. We found that the fr1 mutant was resistant to PMA. This led us to test
directly the rescuing capacity of the fosmid WRM0615aH05 by injection (at
5 ng/ml with 95 ng/ml punc-122::GFP) into fr1;frIs7 mutant worms. This fosmid
contains 3 kb of genomic sequence upstream of tpa-1, the tpa-1 gene, and
three other genes. To confirm the identity of nipi-1(fr1), given the gene’s long
introns, a tpa-1a cDNA was sequenced from the mutants and revealed a single
point mutation in fr1, a G to A transition introducing an early stop codon in
the sixth exon of tpa-1a. The 50 and 30 flanking genomic sequences are
TGTTCGTTGTGCTCCGATTTCATGT and GGGGCTCAACAAACAGGGATATC
AG, respectively. Sequencing of the tpa-1a cDNA from the fr3 mutant revealed
a C to T transition introducing a stop codon in the end of the eighth exon of
tpa-1a. The 50 and 30 flanking genomic sequences are CTTGTGTCAATTGTTT
TGCTCGTTC and AGACTAATGTGAGTATTTTTTGTGT, respectively.
A list of primers and restriction enzymes used for the SNP mapping can be
found in the Supplemental Experimental Procedures.
Quantitative Real-Time PCR
RNA samples were obtained following Trizol (Invitrogen)/chloroform extraction
and then diluted in DEPC-treated water to a final concentration of 100 ng/ml.
mRNA were transformed into cDNA using a standard protocol. Using the PCR
Kit with SYBR Green (Applied Biosystems) in combination with a GeneAmp
5700 Sequence Detector, cDNA levels were quantified by quantitativenc.
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A PKCd-p38 MAPK Cascade in C. elegans Immunityreal-time PCR with specific primer sets and the protocol described in Pujol
et al., 2008b.
Proteomic analyses are described in the Supplemental Experimental
Procedures.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, Supple-
mental References, one table, and 12 figures and can be found online at
http://www.cell.com/cell-host-microbe/supplemental/S1931-3128(09)00097-3.
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